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ABSTRACT 

A  series  of  tensile  tests  were  conducted  at  a  constant  cross  head  speed  (2.54  mm/min)  and 
three  temperatures  (-53. 9°C,  22.2°C,  and  73.9°C)  on  .edge  cracked  sheet  specimens  of  two 
thicknesses  (2.54  mm  and  12.7  mm).  The  specimens  were  made  from  polybutadiene  rubber 
embedded  with  hard  particles.  The  effects  of  temperature  and  specimen  thickness  on  local 
behavior  and  strain  fields  near  the  crack  tip  were  investigated  and  the  results  are  discussed. 

INTRODUCTION 

In  recent  years,  a  considerable  amount  of  work  has  been  done  in  studying  crack  growth 
behavior  in  highly  filled  polymeric  materials^f^p  The  importance  of  these  studies  stems  from 
the  fact  that  the  crack  growth  behavior  in  the  material  may  significantly  affect  the  integrity  of 
the  structure  made  of  that  material.  The  basic  approach  used  in  characterizing  the  particulate 
composite  material  is  based  on  linear  elastic  or  linear  viscoelastic  fracture  mechanics. 
According  to  the  theories,  crack  growth  behavior  is  controlled  by  the  local  stress/strain  near 
the  crack  tip.  Therefore,  the  values  of  local  stress/strain  near  the  crack  tip  must  be  determined. 
Since  the  highly  filled  polymeric  materials  behave  like  viscoelastic  materials,  the  fracture 
behavior  near  the  crack  tip  can  be  strongly  influenced  by  the  testing  temperature  and  the 
loading  rate.  Therefore,  to  obtain  a  fundamental  understanding  of  crack  growth  and  fracture 
behavior  in  a  highly  filled  polymeric  material,  the  effect  of  the  aforementioned  parameters  on 
local  strain  fields  and  fracture  behavior  near  the  crack  tip  need  to  be  determined. 

In  the  present  study,  the  effect  of  testing  temperature  and  specimen  thickness  on  the  local 
behavior  near  the  crack  tip  and  the  crack  growth  behavior  in  the  material  were  investigated  and 
the  results  are  discussed. 

THE  EXPERIMENTS 

In  this  study,  the  local  fracture  behavior,  the  local  strain  fields  near  the  crack  tip,  and  the  crack 
growth  behavior  in  a  particulate  composite  material^  containing  hard  particles  in  a  rubbery 
matrix,  subjected  to  a  constant  strain  rate  of  0.1  min'1  at  different  temperatures  Awere 
investigated.  The  specimens  were  20.32  cm  long  and  5.08  cm  wide  (Fig.  1).  Two  different 
specimen  thicknesses  (2.54  mm  and  12.7  mm)  and  three  different  temperatures  (-53.9°C, 
22.2°C,  and  73.9°C)  were  considered.  Prior  to  the  test,  a  25.4  cm  crack  was  cut  at  the  edge  of 


the  specimen.  Since  the  specimens  were  quite  soft,  a  special  grating  had  to  be  developed  from 
which  displacements  near  the  crack  tip  could  be  measured  without  affecting  the  stiffness  qfthe. 
specimen.  A  coarse  grating  consisting  of  squares  of  0.2  mm  on  each  side  (approximately  (l!2hf 
the  largest  size  of  the  hard  particle^and  which  had  a  thickness  of  less  than  2.5  x  10"2  mrn^was 
deposited  in  the  neighborhood  of  the  crack  tip.  ' 

Prior  to  testing,  the  specimens  were  conditioned  at  the  test  temperature  for  1  hour  and  were 
then  tested  at  a  constant  strain  rate  until  the  specimen  fractured.  During  the  tests,  photographs 
of  the  grid  region  were  taken  at  various  time  interval^and  they  were  used  to  determine  the 
displacement  fields  near  the  crack  tip.  In  addition,  a  strip  chart  recorder  was  used _to  record  the_ 
load  and  time  during  the  test.  These  data  were  used  to  determine  the  strain  fields.  (InadditionAa 
strip  chart  was  used  to  record  the  load  and  time  during  the  test.  These  data  were  used  to 
determine  the  crack  growth  rate  and  the  Mode  I  stress  intensity  factor. 

DATA  REDUCTION 
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The  raw  data  obtained  from  the  constant  strain  rate  tests  were  the  crack  length,  a,  the  time,  t, 
and  the  load,  p,  corresponding  to  the  measured  crack  length.  The  recorded  experimental  data, 
anchp,  were  used  to  calculate  the  Mode  I  stress  intensity  factor,  Kl9  and  the  crack  growth 
/  rate,  da/at.  In  calculating  the  stress  intensity  factor,  K,,  for  a  given  set  of  values  of  a  and  p,  a 
nonlinear  regression  equation^  (which  relates  the  normalized  stress  intensity  factor,  K/p,  to  the 
crack  length,  a)  was  used.  The  values  of  K/p  for  different  crack  lengths  were  determined  from 
the  ABAQUS  computer  program.  In  calculating  the  crack  growth  rate,  da/dt,  the  secant  method 
was  used.  In  the  secant-  method,  the  crack  growth  rate  was  computed  by  calculating  the  slope 
of  a  straight  line  connecting  two  adjacent  a  versus  t  data  points.  To  avoid  the  time-consuming 
process  of  data  reduction,  a  computer  program  was  written  to  calculate  K,  and  da/dt Jn  _ 
addition,  the  displacements  and  the  strain  fields  were  determined  by  digitizing  the  data  from  = 
the  photographs.  In  calculating  the  strains,  small  strain  definitions  were  used.  Therefore,  strain 
contours  for  strain  leve^greater  than  20%  should  be  ignored. 

RESULTS  AND  DISCUSSION 
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All  curves  in  this  section  were  constructed  from  averaging  data  of  two  tests.  Figures  2  and  3 
show  the  load  per  unit  thickness  as  a  function  of  global  strain  for  thin  and  thick  specimens 
tested  at  73.9°C  and  — 53.9°C  (results  at  22.2°C  were  similar  to  73.9°C  ).  Figure  2  shows  that  at 
73.9°C,  the  load  carrying  ability  for  the  thin  specimen  is  consistently  higher  than  the  thick 
specimen.  However,  at  1—65^  \the  trend  is  reversed^ which  suggests  that  some  change  im¬ 
material  properties  had  occurred  before  reaching  this  temperature.  The  increase  in  maximum 
load  per  unit  thickness  of  the  thin  specimen  above  the  thick  ones^t  73.9°Qjnay  be  attributed  to 
the  size  effect  and  the  damage  initiation  and  evolution  processes  near  the ''crack  tip.  At  73.  9°Ca 
JZlie  binder  material  softened  to  the  point  where  it  would  support  only  small  stress  before  the 
ligaments  between  the  voids  in  the  failure  process  zone  ruptured.  Also,  the  thermal  energy 
facilitates  interchain  sliding,  allowing  the  ligaments  to  thin  more  rapidly  and  rupture  under 
lower  tensile  stress.  Additionally,  at  elevated  temperature,  the  bond  strength  at  the 
particle/binder  interface  is  decreased.  This  leads  to  a  larger  failure  process  zone  and  crack 
opening  distance  at  the  crack  tip.  However,  at  -53.9°C,  the  bond  strength  and  the  binder 
strength  increase  significantly.  Also,  it  was  noted  thaf^at  — 53.90C/^blunting  was  significantly 
reduced^and  classical  brittle  fractures  occurred  in  these  tests  with  the  crack  propagating 
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unstably  across  the  specimens.  The  reduction  of  crack  tip  blunting  suggests  that  voiding  is 
suppressed  due  to  the  stiffening  effect  of  the  low  temperature  on  the  matrix  material.  This  is 
believed  to  have  allowed  the  development  of  transverse  constraint  in  the  thick  specimens  at^^^^J 
53.9°C-  and  causes  the  material  to  behave  almost  as.  a  single  phase  material..  Also,  the 
development  of  transverse  constraint  at  -53. 9^  will  decrease  the  material’s  ability  to 
redistribute  stresses  and  result  in  a  greater  load  per  unit  thickness  in  the  thick  specimen.than  in 
the  thin  specimen. 

Typical  near~tip  displacement  contours  are  shown  in(Figy4.  From  (Tig)  4,  the  regularity  of  the 
displacement  field  suggests  that  this  material  may  be  described  by  continuum  theory.  In 
addition,  the  order  of  singularity  at  the  crack  tip  when  the  crack  intersects  the  free  surface  of 
the  specimen  was  also  investigated.  According  to  fracture  mechanics,  the  stresses  and 
displacements  in  the  neighborhood  of  the  crack  tip  can  be  expressed  as 


?u=y M),  Ky.=r^(k, e, <j>). 


By  confining  displacement  measurements  to  a  region  outside  the  highly  voided  failure  process 
zone  ahead  of  the  crack  tip,  it  was  possible  to  measure  the  value  of  the  dominant  eigenvalue 
at  the  free  surface  using  a  continuum  approach.  Results  of  analyses  show  that  the  average 
value  of  Xu  =  0.72  agrees  within  7.5%_$Jth-the  theoretical  value  predicted  by  Benthem  for 
incompressible  materials,  Xu  =  0.67.  The  small  differences  between  the  measured  and  the 
calculated  Xu  indicates  that,  even  though  the  particulate  composite  material  is  anisotropic  and 
heterogeneous  on  the  micro  scale,  it  may  behave  as  an  isotropic,  homogeneous  continuum 
when  analyzed  macroscopically. 

Typical  plots  of  normal  strain  fields,  sy,  for  different  specimen  thicknesses  and  temperatures 
are  shown  in  In  general,  these  figures  show  that  the  contour  lines  are  not  smooth  but 

irregular.  It  is  believed  that  a  portion  of  the  irregularities  may  stem  from  the  method  of  data 
collection  and  reduction,  but  they  are  mainly  due  to  the  nonhomogeneity  of  the  material.  The 
experimental  data  indicate  that^for  a  given  temperature,  specimen  thickness  has  no  significant 
effect  on  the  strain  distributions  near  the  crack  tip.  Experimental  data  also  indicates  that  large 
normal  strains  occur  in  small  zones,  or  the  intense  strain  zones,  which  are  immediately  ahead 
of  the  crack  tip.  ILL&sms  that  ^e  intense  strain  zone  sizejs-relatively  insensitive, to  the  change 
in  specimen  thickness  and  ^"decreases  with  decreasing  testing  temperature.  Since  the  intense 
strain  zone  is  very  smal^  as  compared  with  the  crack  length  and  the  dimensions  of  the 
specimen,  linear  fracture  mechanics  theories  can  be  used  to  characterize  crack  growth  behavior 
in  the  material. 
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The  crack  growth  rate  da/dt  versus  the  Mode  I  stress  intensity  factor  Kj  are  shown  in  (£igs)  6 
and  7.  From  these  figures,  it  can  be  seen  that  a  power  law  relationship  exists  between  Kj  and 
da/dt.  Mathematically,  it  can  be  written  as 


da/dt  =  cK!B 


in  which  £7  and  B  are  constants.  Figures  6  and  7  also  reveal  that  the  crack  growth  is  much 
faster  at  -53.9°C. 
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CONCLUSIONS 

The  principal  conclusions  which  can  be  derived  from  the  results  of  this  study  are:  (1)  the  local 
behavior  near  the  crack  tip  and  the  crack  growth  behavior  at-53.9°C  are  significantly  different 
from  at  22.2°C  and  73.9°Cjt;  (2)  the  crack  growth  data  reveal  that  a  ductile-brittle 
transition  occurs  somewhere  between  -53.9°C  and  22.2°C*;  (3)  except4he  thicker  specimen 
tested  at  -53.9°C,  the  near  tip  mechanisms  (blunting,  voiding,  coalescing,  and  growing)  differ 
only  in  a  quantitative  sense;  (4)  a  classical  brittle  fracture  takes  place  when  the  thicker 
specimenAtested  at  -53.9°C;  (5)  on  a  macro  scale,  the  particulate  composite  material  can  be 
considered  as  a  homogeneous  continuum;  and  (6)  a  power  relationship  exists  between  the 
crack  growth  rate  and  the  Mode  I  stress  intensity  factor. 
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Fig.  3  Load-jtrainxelations  (T—53.9  °C) 


Fig.  4  Typical  ^ontour  plots  of  normal  displacement 
(T=-53 .9  °C,  t=234mmf"  " 
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Fig.  5  Typical  contour  plots  of  Mimal  strain  (T— 53.9  °C) 
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Fig.  6  Crack  .growth .rate  yersus  Mode  I  sjjess  mtensity 
jactor|t=2.54mm^( 


Fig.  7  Crack  .growth  _j-ate  yersus  Mode  I  jtress  intensity 
Factor  (t=12.7mmjy 
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